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We demonstrate the appearance of symmetry protected triplon Dirac modal lines in the low
energy excitation spectrum of a realistic microscopic model of the geometrically frustrated quantum
magnet SrCu2(BO3)2 in its high symmetry phase. The symmetry-allowed Dzyaloshinskii-Moriya
interactions induce dispersive trilpon bands within the bond-operator formalism that cross linearly
over an extended closed path in the Brillouin zone. Our results establish that the nodal lines are
protected by a U(1)-symmetry and robust against perturbations that preserve this symmetry. In
the presence of a longitudinal field, the nodal loop shrinks and vanishes for a sufficiently strong field.
I. INTRODUCTION
The study of topological phases of matter has grown
into one of the most active frontiers of contemporary
condensed matter physics. Recently, the experimen-
tal observation of Weyl fermions in TaAs[1], building
upon previous theoretical studies[2, 3], has generated
widespread interest in topological semimetals. In these
systems, a linear crossing of two bands at one or more
points in momentum space is topologically protected.
Following the discovery of TaAs, materials with Dirac
nodal lines or nodal loops were discovered where the
linear band crossing exists over an extended region in
the Brillouin zone (BZ), thus expanding the types of
semimetals[4–15]. The nodal lines or loops in these sys-
tems is protected by the presence of certain symmetries
like inversion[7, 16, 17], mirror-reflection[6, 12, 13, 18]
or glide-plane[19–21]. Since topological phases are of-
ten manifestations of the geometry of the band struc-
ture which do not depend on the quantum statistics
of the quasi-particles involved, efforts to realize bosonic
analogs of topological phases have gained interest in the
recent past. Bosonic counterparts of the topological phe-
nomenons have been explored in wide ranging bosonic
systems such as photons[22, 23], exciton-polaritons[24,
25], magnons[26–43], magnon-polarons[44–47]. Quantum
magnets, in particular, offer a promising route to search
for novel topological phases of quantized magnetic exci-
tations such as magnons and triplons that obey Bose-
Einstein statistics.
The band structure geometry that drives topological
properties is largely determined by the symmetries of
the lattice and the Hamiltonian. While fermionic phases
are governed by lattice space group symmetries, mag-
netic systems are governed by a richer magnetic sym-
metry group, whose elements consist of products of a
space group symmetry operation and the time reversal
operation. The geometry of the band structure of mag-
netic quasiparticle excitations are governed by elements
of the magnetic symmetry group. Dirac magnon nodal
lines that are protected by simultaneous inversion (P)
and time reversal (T ) symmetry have been predicted
to appear in anisotropic pyrochlore ferromagnets[48],
the spin-web compound Cu3TeO6[49] and layered hon-
eycomb antiferromagnets[50].
Moreover, the nodal line semimetals are mostly stud-
ied theoretically and experimentally in the three dimen-
sional systems. However, recently it has been shown
the two dimensional counterpart for Dirac nodal lines
also exist[51–54]. Although as a bosonic counterpart the
presence of Dirac nodal line in the magnetic excitations
of a quasi-2D ferromagnetic honeycomb lattice has been
investigated[55], but as far as our knowledge no studies
show the presence of Dirac nodal line magnetic excitation
in completely two-dimensional magnetic system without
interlayer coupling.
In this work, we investigate the high symmetry crystal
phase of the geometrically frustrated quantum magnet
SrCu2(BO3)2 and demonstrate the appearance of field
induced Dirac nodal loops in triplon bands for perfectly
2D-system. Previous studies for nodal line magnons have
been restricted to excitations above ground states with
classical (static) spin ordering [48–50]. In contrast to
those studies, we have explored magnetic excitations in
the dimerized phase of the Shastry-Sutherland model
(with additional DM (DM) interactions). To the best
of our knowledge, ours is the first study to show that
Dirac nodal line also can exists in the excitation spec-
trum of purely quantum-mechanical ground state with
only short range order. The high-symmetry phase of
SrCu2(BO3)2 consists of weakly coupled layers in which
the Cu2+ ions are arranged in an orthogonal dimer
configuration constituting the non-symmorphic Shastry-
Sutherland lattice[56]. The space group of SrCu2(BO3)2
is I4/mcm in the high symmetry phase (at high tem-
peratures) and is reduced to I42m at T = 395K via a
structural transition[57, 58]. The symmetry determines
the allowed terms in the Hamiltonian, in particular, the
nature of Dzyaloshinskii-Moriya (DM) interactions[59].
The dominant (magnetic) interaction in SrCu2(BO3)2
is antiferromagnetic Heisenberg superexchange between
Cu2+ ions across intra- and inter-dimer bonds. In the
high symmetry phase, DM interaction is allowed only on
the inter-dimer bonds with the DM vector normal to the
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2plane, which preserves the U(1)-symmetry of the spin-
system[59]. The ground state of SrCu2(BO3)2 is well ap-
proximated by the dimer singlet phase where the spins on
each dimer form a singlet[59–62]. In the absence of DM
interactions, the lowest excitation would consist of 3-fold
degenerate dispersionless triplons on the dimer bonds.
In the presence of DM interactions, the triplon bands ac-
quire finite dispersion and non-zero Berry curvature. The
nature of DM interactions determine the evolution of the
triplon bands in an external magnetic field. This has
been extensively investigated in the low-symmetry phase
of SrCu2(BO3)2 where upon the application of a longi-
tudinal magnetic field a gap opens up in the spectrum
and the bands acquire a non-zero Chern number[63–65].
In this work we investigate the triplon bands in the high
symmetry phase of SrCu2(BO3)2 in an external longitu-
dinal magnetic field. Our results show that in this phase,
the triplon bands exhibit Dirac nodal loop which is pro-
tected by U(1)-symmetry. When a longitudinal field is
turned on, the nodal loop shrinks continually with in-
creasing field and eventually disappears at a critical field
with the opening of a gap. We analyze the mechanism of
emergence and properties of the Dirac nodal loop within
the framework of bond operator formalism.
II. MODEL AND METHOD
FIG. 1: The Shastry-Sutherland lattice. (a) The
schematic of Shastry-Sutherland lattice. The circled-
dots(circled-crosses) represent the perpendicular DM-
interaction out of(into) the plane of paper. The dotted
blue line and dotted red line represent the dimer-bond A
and dimer-bond B of the lattice respectively. (b) The ef-
fective square lattice structure after bond-operator trans-
formation. The dimer-bonds convert into points and on
each point only one quasi-particle triplon can reside. The
dimer-A is converted into blue dot and dimer-B is con-
verted into red dot.
The figure Fig.1(a) illustrates the Shastry-Sutherland
lattice including the DM-interactions present in the high
symmetry phase of SrCu2(BO3)2. The Hamiltonian of
the system is given by,
H =J ′
∑
〈i,j〉d
Si · Sj + J
∑
〈i,j〉x,y
Si · Sj
+D⊥ ·
∑
〈i,j〉x,y
(Si × Sj)− gzhz
∑
i
Szi , (1)
where 〈...〉x,y, 〈...〉d denote the summation over the sites
belonging to intra- and inter-dimer bonds respectively. J
and J ′ denote the strengths of the corresponding Heisen-
berg interaction terms. D⊥ is the DM-interaction shown
as in Fig.1(a). The fourth term is the Zeeman coupling of
the spins with the magnetic field hz perpendicular to the
Shastry-Sutherland layer with Lande-g factor gz. The
theoretical studies in Ref.[63–65] shows a vast phase di-
agram as well as the topological properties of the mag-
netic excitations. We show that the presence of U(1)-
symmetry and the DM-interaction D⊥ in the material
give rise to U(1)-symmetry protected Dirac-nodal line in
the bands of low lying magnetic excitations in the system.
In the absence of DM-interactions, the possible ground
states of the Shastry-Sutherland lattice are dimer phase,
Ne´el phase and plaquette-singlet phase. The dimer phase
of the Shastry-Sutherland lattice exists for J ′ / 0.7J [60–
62]. The singlet dimer phase of Shastry-Sutherland lat-
tice is experimentally realized in SrCu(BO3)2, where the
Cu2+ carries spin-1/2 degrees of freedom and forming
a orthogonal dimer model[57, 66–68]. The chosen DM-
interactions are symmetry allowed for the high symme-
try phase of SrCu2(BO3)2[57, 58, 63]. In the presence
of DM-interaction the dimer-singlet phase persists as the
ground state for a finite parameter range−0.2 / D⊥/J /
0.2[59]. In this study we show that the presence of U(1)-
symmetry and perpendicular DM-interaction D⊥ gives
rise to Dirac nodal line of the low lying magnetic excita-
tions of this system.
The ground state of the canonical Shastry-Sutherland
model in the large J/J ′ regime (applicable to
SrCu2(BO3)2) is a product of singlet-dimer states on the
red and blue-bonds(Fig.1(b)). Hence it is natural to use
the bond operator formalism to study the Hamiltonian
(1). The local Hilbert space on a single dimer consists
of a singlet |s〉 = (|↑↓〉 − |↓↑〉) /√2 and three triplons
|tx〉 = i (|↑↑〉 − |↓↓〉) /
√
2, |ty〉 = (|↑↑〉+ |↓↓〉) /
√
2 and
|tz〉 = −i (|↑↓〉+ |↓↑〉) /
√
2. In this basis, the bare spin
operators are represented as[69],
Sˆαj,1 =
i
2
(
tˆα†j sˆj − sˆ†j tˆαj
)
− i
2
α,β,γ tˆ
β†
j tˆ
γ
j ,
Sˆαj,2 = −
i
2
(
tˆα†j sˆj − sˆ†j tˆαj
)
− i
2
α,β,γ tˆ
β†
j tˆ
γ
j , (2)
where α, β or γ represent x, y or z. The operator Sˆαj,k
represents the spin operator at site-k (site-1 or site-2) of
dimer-j (dimer-A or dimer-B), see Fig.1; tˆα†j and sˆ
†
j are
the triplon and singlet creation operators at j-th dimer.
3The triplon and singlet operators are bosonic quasipar-
ticles and obey the following constraint on each dimer-
bonds,
sˆ†j sˆj +
∑
j
tˆα†j tˆ
α
j = 1 (3)
The ground state of the Hamiltonian (1) is well approxi-
mated by a condensation of singlets on the dimer bonds.
In the bond operator formalism, this is implemented
as
〈
sˆ†j
〉
= 〈sˆj〉 = 1. The lowest excitations are iso-
lated triplons on each dimer. Assuming a low density of
triplons, we can derive a minimal model for the triplons
by applying the bond operator formalism together with
the constraint (3), and the condition
〈
sˆ†j
〉
= 〈sˆj〉 = 1 to
the parent Hamiltonian (1),
H =J
∑
ri
[
tˆx†ri tˆ
x
ri + tˆ
y†
ri tˆ
y
ri + tˆ
z†
ri tˆ
z
ri
]
+igzhz
∑
ri
[
tˆx†ri tˆ
y
ri − tˆy†ri tˆxri
]
− iD⊥
2
∑
ri
∑
δ
[
tˆy†ri+δ tˆ
x
ri − tˆx†ri+δ tˆyri + h.c.
]
, (4)
where we have used a mean field decomposition to keep
terms up to bilinear in the triplon operators. Again ri
is the postion vector of the i-th dimer and δx or δy are
the vectors denoting the relative positions of the dimers
as depicted in Fig.1(b). The triplons hop on an effec-
tive square lattice as shown in the figure Fig.1(b). It
is further noted that in the Hamiltonian (4), the sites
corresponding to dimer-A and dimer-B are mapped to
a equivalent site using the following unitary transforma-
tion txri,A = t
x
ri , t
y
ri,A
= ty†ri , t
z
ri,A
= txri , t
x
ri,B
= itxri ,
tyri,B = it
y
ri , t
z
ri,B
= tzri . Moreover for simplicity we have
neglected the pair hopping terms which changes the en-
ergy perturbatively to the order of D2⊥ and hence do not
change the band structure[63]. Since the Hamiltonian
(4) is translationally invariant, it is natural to work in
the momentum space. The momentum space triplon-
Hamiltonian is given as,
H =
∑
k
tˆx†ktˆy†k
tˆz†k
 J −iγ(k) 0iγ(k) J 0
0 0 J
tˆxktˆyk
tˆzk
 , (5)
where γ(k) = −gzhz + D⊥(cos(kx) + cos(ky)). The fol-
lowing canonical transformation of the triplon operators,
tˆx†k =
i√
2
(
tˆ1†k − tˆ1¯†k
)
, tˆy†k =
1√
2
(
tˆ1†k + tˆ
1¯†
k
)
, tˆz†k = −itˆ0†k
diagonalizes the Hamiltonian Eq5 as,
H =
∑
k
tˆ1¯†ktˆ0†k
tˆ1†k

J − γ(k) 0 00 J 0
0 0 J + γ(k)
tˆ1¯ktˆ0k
tˆ1k
 , (6)
where the operators tˆ1¯†k , tˆ
0†
k and tˆ
1†
k create the states∣∣t1〉 = |↑↑〉, ∣∣t0〉 = (|↑↓〉 + |↓↑〉) and ∣∣t1¯〉 = |↓↓〉 on the
dimer respectively. As a consequence of U(1)-symmetry
conservation Sˆz is also a eigen-operator of the eigenstates∣∣t1¯〉, ∣∣t0〉 and ∣∣t1〉 and the Sz-quantum numbers corre-
sponding to the states are −1, 0, +1 respectively.
III. RESULTS
We have chosen the Hamiltonian parameters as esti-
mated for SrCu2(BO3)2, viz., J = 722 GHz, D⊥ = −21
GHz and gz = 2.28[63, 70]. Using these parameters, we
have studied the evolution of the triplon bands in a lon-
gitudinal magnetic field, hz. The band dispersion for dif-
ferent magnetic fields are depicted in Fig.2(a)-(e). The
spectrum consists of one dispersionless, flat band and two
dispersive bands. At zero magnetic field, the two disper-
sive bands cross linearly at all points along the perimeter
of a quadrilateral formed by joining the four X points on
the Brillouin Zone boundary, shown by the green lines
in Fig.2(f). The dispersion of lower or upper bands near
nodal line up to second order of k⊥ and k|| is given by,
J ± D⊥|k⊥|, where k|| and k⊥ denotes the momentum
in the direction parallel and perpendicular to the Dirac
nodal line respectively. The Dirac nodal line persists over
a finite range of magnetic field −hc < hz < hc, where
hc =
2D⊥
gz
. Away from hz = 0 (and for |hz| < hc), the
Dirac nodal line forms a closed loop for any nonzero hz-
value centered around Γ or M -point in the Brillouin zone.
For sgn(Dzhz) > 0 (sgn(Dzhz) < 0) the closed loop cen-
ters around Γ(M) point. When the magnetic field hz is
close to ±hc the Dirac nodal line forms a circle with ra-
dius k = cos−1
(
−1 +
∣∣∣ gzhzD⊥ ∣∣∣). The dispersion near the
nodal line for the upper or lower bands up to second or-
der of k⊥ and k|| are J ± D⊥ sin(k)|k⊥| ± D⊥2 k2||, where
k⊥ and k|| denote the k-points in direction perpendicular
and parallel to the circumference of the nodal line. At the
critical magnetic field ±hc, the Dirac nodal line shrinks
to a quadratic band touching point and for magnetic field
|hz| > |hc| the triplon bands become gapped.
4FIG. 2: Dirac nodal line magnons. (a)-(e) The triplon band structure for different magnetic fields. The colors
blue, green and red denote the triplon eigenstates
∣∣t1¯〉, ∣∣t0〉 and ∣∣t1〉 respectively. For better visibility, the middle
band is kept transparent. (f) The k-space position of Dirac nodal line for different magnetic fields.
IV. SYMMETRY CONSIDERATIONS
The Dirac nodal line in the triplon band structure is
robust against the perturbation from inversion symmetry
breaking term (e.g. the different Heisenberg interaction
for dimer-A and dimer-B) as well as time reversal sym-
metry breaking term(e.g. perpendicular magnetic field).
But any perturbation which breaks the U(1)-symmetry
lifts the degeneracy at Dirac nodal line. Physically the
bond-operator formalism translates the spin model of
Shastry-Sutherland lattice into a simple effective square
lattice model( Fig.1(b), Eq.4) with three orbitals
∣∣t1¯〉,∣∣t0〉 and ∣∣t1〉 on each lattice site. The presence of U(1)-
symmetry ensures that the inter-species hopping in the
square lattice is disallowed. In other words, the nodal
loop exists due to U(1)-symmetry.
We define the following Z-topological invariant for the
U(1)-symmetry protected Dirac nodal line [71, 72],
∆Sz =
〈
Sˆz(kin)
〉
−
〈
Sˆz(kout)
〉
, (7)
where kin and kout are the k-points inside and outside of
the Dirac nodal loop. Again
〈
Sˆz(kl)
〉
is the eigenvalue
of Sˆz at kl-point for the bands lower than the plane of
Dirac nodal line. For the triplon bands in Fig.2(b)-(d)
the topological invariant is ∆Sz = +2. The non-zero
topological invariant ensures the robustness of the Dirac
nodal line in the presence of additional (perturbative)
interactions that do not break the U(1) symmetry.
To verify that the nodal line is indeed protected by the
U(1) symmetry, we investigate the effects of several per-
turbations breaking different symmetries of the lattice.
First, we include an in-plane magnetic field hx along x-
direction to illustrate the effect of U(1)-symmetry break-
ing. This transforms the Hamiltonian Eq.4 as,
H =
∑
k
tˆ1¯†ktˆ0†k
tˆ1†k

J − γ(k) −
1√
2
gxhx 0
− 1√
2
gxhx J − 1√2gxhx
0 − 1√
2
gxhx J + γ(k)

tˆ1¯ktˆ0k
tˆ1k
 ,
(8)
where gx is the g-factor and for simplicity we assume
gx = gz. The eigenvalues of the Hamiltonian Eq.8 are
J ± d(k), J, where d(k) = (γ(k)2 + (gzhx)2)1/2. The
triplon bands in presence of in plane magnetic field hx
(Fig.3) shows that the degeneracies at the Dirac nodal
line is lifted.
5FIG. 3: U(1) symmetry breaking. The triplon band
structure for hz = hc/2, hx = hc/10. For better visibility
the middle band is kept transparent.
Conservation of time-reversal symmetry along with the
U(1)-symmetry further restricts that the nodal line can
not be gapped out. In presence of time-reversal symme-
try breaking term which preserves the U(1) symmetry,
the equivalency between the states
∣∣t1¯〉 and ∣∣t1〉 is lifted
and so tuning such parameter, the nodal line degeneracy
can be lifted. As we can see in figure Fig.2(a),(e) the
nodal line degeneracy is lifted tuning the perpendicular
magnetic field which preserves the U(1)-symmetry but
breaks the time reversal symmetry of the system.
The underlying Shastry-Sutherland lattice and the
parent hamiltonian possess additional symmetries, in-
cluding C4 rotation about an axis perpendicular to the
plane of the lattice and passing through the center of an
empty plaquette and a G ⊗ T symmetery, consisting of
glide plane and time reversal symmetry operations. The
choice of perpendicular DM-interactions D⊥,x and D⊥,y
as shown in Fig.4(a), with D⊥,x 6= D⊥,y breaks the G⊗T
and C4-symmetries. The dispersion of the triplon bands
in the presence of such a symmetry breaking perturbation
is given by J−νγ′(k)+J3 cos(kx) cos(ky), where we have
also added a third nearest neighbor Heisenberg exchange
interaction J3 (shown by black dotted line in Fig.4(a))
that does not break any symmetry of the system. Here
ν = +1, −1, 0 for ∣∣t1〉, ∣∣t0〉 and ∣∣t1¯〉 respectively and
γ′(k) = gzhz + D⊥,x cos(kx) + D⊥,y cos(ky). The band
structures for D⊥,x 6= D⊥,y is shown in Fig.4(b), (c),
where the nodal lines are still protected by U(1) and T
symmetry. The Heisenberg-interaction J3 changes the
band dispersion of the three different triplon species ex-
actly same way and so the nodal line is not lifted in pres-
ence of J3 as shown in Fig.4(d).
FIG. 4: U(1)
⊗ T symmetry protected nodal line.
(a) The red and blue circled dots or cross denotes the
interactionD⊥,x andD⊥,y. The black dotted lines denote
the third Heisenberg interaction. The band structure for
(b) D⊥,y = 2D⊥,x = −40GHz, J3 = 0GHz; (c) D⊥,y =
−D⊥,x = −20GHz, J3 = 0GHz; (d) D⊥,y = D⊥,x =
−20GHz, J3 = 10GHz. For all the band structure the
other parameters are J = 722GHz, gz = 2.28GHz, hz =
0
V. CONCLUSION
We have shown that triplon Dirac nodal line appears in
the magnetic excitation spectrum of a microscopic model
of SrCu2(BO3)2 in its high symmetry phase using exper-
imentally determined hamiltonian parameters. Whereas
the previous studies showed the presence of nodal lines in
the excitation spectrum of classical spin states, this study
shows that the Dirac nodal lines also exist in the excita-
tions of the short-range ordered purely quantum dimer-
ized ground state of Shastry-Sutherland lattice. Our re-
sults demonstrate that the nodal lines are protected by a
U(1) and time reversal symmetries and is robust against
any perturbation that do not break both of them. The
nodal lines also persist in the presence of weak time re-
versal symmetry breaking fields. In an applied longitudi-
nal magnetic field, the nodal lines continually shrink and
eventually disappear at a critical field. In contrast to
previous studies that explore prototypical models of cer-
tain classes of quantum magnets, our results are based
on a faithful microscopic model of a (quasi 2D) real mag-
net. This novel Dirac nodal loop can be observed via in-
elastic neutron scattering experiment in the high crystal
symmetry phase of SrCu2(BO3)2, when all the in-plane
DM-interactions are disallowed by symmetry of the crys-
tal geometry thus protecting the U(1)-symmetry of the
spin-system. The presence of U(1)-symmetry assures the
presence of the Dirac nodal line and so it is expected
that at higher temperature the triplon-triplon interac-
6tions (which has not been considered in our study) can
not remove the Dirac-nodal line[73–75].
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